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Background & Aims : Nonalcoholic steatohepatitis is 
morphologically identical to alcoholic hepatitis and has 
multiple etiologic associations and an unknown patho- 
genesis. The present study used a rat nutritional model 
of hepatic steatosis with inflammation to test the hy- 
pothesis that induction of the alcohol-inducible hepatic 
cytochrome P450 (CYP) 2E1 is associated with produc- 
tion of steatohepatitis. Methods : Rats received a diet 
devoid of methionine-choline. CYP2E1 protein was de- 
tected in liver sections by immunohistochemistry and 
in hepatic microsomal fractions by immunoblotting; 
CYP2E1 activity was detected by AWemethylation of 
/V,/V-dimethylnitrosamine (NDMA). CYP2E1 messenger 
RNA was analyzed by Northern blotting and slot blot 
hybridization. Results : After 4 weeks of methionine- 
choline devoid diet, macrovesicular steatosis and an 
inflammatory infiltrate were prominent in hepatic acinar 
zone 3. CYP2E1 immunostaining was increased and 
had a more extensive acinar distribution corresponding 
to that of the steatosis. Microsomal CYP2E1 protein, 
NDMA activity, and hepatic CYP2E1 messenger RNA 
levels were all correspondingly increased. Conclusions : 
CYP2E1 is induced, partly at a pretranslational level, 
in this experimental form of steatohepatitis. The finding 
of biochemical and histological similarities between 
this nutritional model of hepatic steatosis with inflam- 
mation and alcoholic hepatitis indicates possible clues 
to common pathogenetic mechanisms. The relevance 
of this finding to human nonalcoholic steatohepatitis 
remains uncertain and requires further investigation of 
human liver specimens. 

The morphological features of steatohepatitis occur 
in several clinical settings. Although alcoholic liver 
disease is the most common cause, 1,2 nonalcoholic steato- 
hepatitis (NASH) is increasingly recognized as a signifi- 
cant form of liver disease. 3-5 Traditionally, NASH has 
been described as a clinically mild entity with little pro- 
gression, 6- " but it is now accepted that this disorder can 
progress to extensive fibrosis and cirrhosis. 5,4,8 In the 
absence of a history of significant alcohol ingestion, stea- 
tohepatitis occurs most frequently in women who are 



obese or have hyperlipidemia or diabetes mellitus 1 ' 5 ' 51 ; 
however, the association of lean men with NASH has 
recently been recognized. 5 The morphological features of 
NASH include steatosis with focal necroinflammatory 
change, often including mononuclear and polymorpho- 
nuclear leukocytes, Mallory's bodies, and variable hepatic 
fibrosis. 1 " 3 Despite the morphological similarity to alco- 
holic steatohepatitis, little is known about the pathoge- 
netic mechanisms involved in the development of NASH, 
patticularly why such apparently diverse etiologies give 
rise to the same histological features. 

In contrast to NASH, the pathology and pathogenesis 
of alcoholic hepatitis have been well studied. In both 
animals and humans, ethanol induces hepatic cytochrome 
P450 2E1 (CYP2E1)}°- X2 Thus, CYP2E1 expression is 
increased in alcoholic hepatitis 1 " and has been suggested 
to contribute to the pathogenesis of this disorder through 
the generation of reactive oxygen species that cause cellu- 
lar injury of the liver. 11-17 In both human and rat liver, 
CYP2E1 is expressed almost exclusively in acinar zone 
3, and the induction by alcohol is also restricted to this 
region. 18 CYP2E1 is also up-regulated in other clinical 
settings that are associated with steatohepatitis, such as 
diabetes mellitus and obesity. 1,19-21 

In an earlier study in patients with NASH, it was 
noted that antipyrine metabolism was disproportionately 
reduced compared with other indices of liver function. 5 
This led to the suggestion that NASH is associated with 
destruction or down-regulation of cytochrome P450 en- 
zymes. However, to our knowledge, a possible pathoge- 
netic relationship between altered hepatic cytochrome 
P450 levels or expression of CYP2E1 and NASH has 
not been studied. The aim of the present study was to 
determine hepatic distribution, content, and catalytic ac- 
tivity of CYP2E1 in a rat nutritional model of hepatic 



Abbreviations used in this paper: MCD, methionine-choline devoid; 
NASH, nonalcoholic steatohepatitis; NDMA, AMemethylation of N,N- 
dimethyinitrosamine; dCTP, deoxycytidine triphosphate. 
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macrovesicular steacosis with inflammation and cellulat 
injury (steacohepacitis) to test the hypothesis that in- 
creased hepatic expression of this en2yme is involved in 
che pathogenesis of NASH. A diet devoid of methionine- 
choline (MCD diet) was used to produce fatty liver dis- 
ease, in which other investigators have previously ob- 
served steatohepatitis. 22 

Materials and Methods 

Diet and Animals 

The study was approved by che Western Sydney Area 
Health Service Animal Care and Ethics Committee. Adult 
male Wiscar rats weighing 250-350 g obtained from che 
Department of Animal Care, Wesrmead Hospital, were fed an 
MCD diec (ICN Biomedicals, Sydney, Australia) for 4 or 13 
weeks. Animals assigned to control groups (see below) received 
the same diec wich che addition of choline bicarcrace (2 g/kg) 
and DL-methionine (3 g/kg). Rats were maintained on a 12- 
hour light/dark cycle, under conditions of constant tempera- 
cure (22°C) and humidicy, and given free access co food and 
drinking wacer up uncil the time of killing. The tats were 
divided into two experimental groups: MCD diet and pait-fed 
isocaloric control diet. Additionally, a group of animals was 
fed a control diec ad libitum to compare weight and hepatic 
histology wich che cwo experimental groups. 

Tissue Preparation 

Ac the end of the defined period, rats were anesthetized 
with ether and underwear venesection. The livers were re- 
moved and weighed. Tissue samples were taken from the me- 
dial lobe for hisrology, and portions were snap-frozen in liquid 
nirrogen for later RNA studies. Washed microsomal fractions 
were prepared from the remaining liver using differential ultra- 
centrifugation as previously described. 2 ' Microsomes were 
snap-frozen in liquid nitrogen and stored as suspensions at 
— 70°C (in 50 mmol/L porassium phosphate buffer, pH 7.4, 
containing 20% glycerol) until required. Microsomal protein 
was assayed by che method of Lowry et al. M using bovine 
serum albumin as the standard. 

Chemicals 

DL-Methionine and choline bitartrace were purchased 
from Sigma-Aldrich (Sydney, Australia). [4-'' 1 C]cestostetone 
(sp act, 56 mCi/mmol) was a product of Amersham Australia 
(Sydney, Australia). Stetoid standards wete supplied by Sigma- 
Aldrich, Steraloids Inc. (Wilton, NH) or the MRC Steroid 
Reference Collection at Queen Mary's College (London, En- 
gland). Silica gel thin-layer chromatographic plates containing 
F254 indicator (E. Merck, Darmstadt, Germany) were used 
for the separation of cestosterone metabolites. Histo-Clear was 
purchased from National Diagnostics (Atlanta, GA), mounting 
medium from Fronine (Sydney, Australia), and polylysine- 
coated slides from Lomb Scientific (Sydney, Australia). All 
other chemicals, including che reagencs for elecrrophoresis and 



immunohistochemistry, were of analytical grade or better and 
were purchased from Sigma-Aldrich. 

Biochemical and Other Assays 

Assays for serum alanine aminotransferase, cholesterol, 
and triglyceride were performed in the Depattment of Clinical 
Chemistry, Institute of Clinical Pathology and Medical Re- 
search at Westmead Hospital, using automated ptocedutes. 
Serum concentrations of cestosterone were estimated by com- 
mercial direct radioimmunoassay kit (CIS, Gif Sur Yvette, 
France). Microsomal cytochrome P450 content was determined 
according to the method of Omura and Saro 25 with sodium 
dirhionite as reduccant. P450 reductase activity was assayed 
as the reduced nicotinamide adenine dinucleotide phosphate- 
dependent rate of reduction of cytochrome c according to Gnos- 
spelious et al. 26 The method of Peng et al. 27 was used to deter- 
mine the CYP2E1 catalyzed N-demethylation of N,N-dimeth- 
ylnitrosamine (NDMA). Microsomal cestosterone hydroxylase 
assays were performed according to Waxman et al.™ and me- 
tabolite formation was determined as described previously. 29 

Sodium Dodecyl Sulfate- Polyacrylamide 
Gel Electrophoresis and Immunoblotting 

CYP2E1 protein was detected in microsomes from 
MCD diet-fed and control-fed rats by immunoblotting, which 
was performed as described previously.™ The primary antibody 
used was a rabbit anti-rat CYP2E1 antibody (a gift from Prof. 
M. Ingelman-Sundberg, Karolinska Institute, Stockholm, Swe- 
den). The blots wete washed and protein visualized using en- 
hanced chemiluminescence (Amersham, Sydney, Australia) ac- 
cording to the manufacturer's instructions. The exposed film 
was analyzed using a laser densitometer (LKB Ultroscan XL; 
LKB, Bromma, Sweden). 

Histology and Immunohistochemistry 

Secrions were stained with H&E, reticulin, and Go- 
mori's trichrome. Hepatic CYP2E1 was evaluated in liver sec- 
tions by immunohisrochemistry using an immunoperoxidase 
technique. Hepatic sections in paraffin (5-6 |lm thick) were 
mounted on polylysine-coated glass slides, deparaffinized with 
Histo-Clear and ethanol, and incubated with H 2 0 2 fot 5 min- 
utes to reduce endogenous peroxidase activity. Thereafter, im- 
munohistochemistry was performed according to an estab- 
lished method. 31 In brief, sections were incubated for 2 hours 
with rabbit anti-rat CYP2E1 antibody (see above) at a concen- 
tration of 164 Hg/mL wit b the addirion of goac serum (1:20) 
co block nonspecific binding. Sections were then incubated 
wich anti-rabbit immunoglobulin G-biotin conjugate (Sile- 
nus, Melbourne, Australia) followed by streptavidin peroxidase 
conjugate (Silenus). Peroxidase activity was revealed by immer- 
sion in 3,3'-diaminobenzidine for 5 minutes. Sections were 
then counterstained with hematoxylin, dehydrated, and 
mounted in Ultramount (Hisro-Labs, Sydney, Australia). 
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Quantitation of CYP2E1 Messenger RNA 

The CYP2E1 oligonucleotide probe was a 30'mer en- 
compassing bases 774-803 of the published sequence. 32 Oli- 
gonucleotide probes were end-labeled with [a- ,2 P]deoxycyti- 
dine triphosphate (dCTP) using terminal deoxynucleotidyl 
transferase (Promega Inc., Sydney, Australia) according to 
manufacturer's instructions. The probe was evaluated by 
Northern blotting using standard methods. 93 RNA samples 
from both MCD and control animals showed a single band 
with the expected size for CYP2E1 messenger RNA (mRNA). 
Assessment of the accuracy of RNA loading was estimated 
by hybridizing membranes with an [Ct-"P]dCTP end-labeled 
oligonucleotide complementary to 18s ribosomal RNA. 

Because the probe was specific for CYP2E1, a slot blotting 
technique was used to evaluate experimental samples. In brief, 
total RNA was extracted from 20-mg fragments of liver using 
a commercially available system (RNeasy; Qiagen Inc., Chats- 
worth, CA) following the manufacturer's instructions. RNA 
concentrations were determined spectrophotometrically. RNA 
samples (5 |lg) were denatured with a solution containing a 
final mixture of 50% formamide, 6% formaldehyde, and IX 
3-(N-morpholino)propanesulfonic acid and neutralized by the 
addition of an equal volume of 10X standard saline citrate. 
The samples were loaded onto a nylon membrane (Hybond 
N + , Amersham) using a sloe blot apparatus (Bio-Rad, Rich- 
mond, CA). Prehybidization was performed in a solution 
containing 50 mmol/L N-ttis[hydroxymethyl]methyl-2-ami- 
noethanesulfonic acid/2-({2-hydroxy-l, l-bis(hydroxymethyl) 
echyl]amino)ethanesulfonic acid, 1 mol/L sodium chloride, 
0.1% tettasodium pyrophosphate (0.1 mg/mL) 1% sodium 
dodecyl sulfate, 10X Denhardt's solution, and 25% formamide 
at 45°C for 1.5 hours. The CYP2E1 oligoprobe was then added 
to a fresh aliquot of the prehybridization solution and hybrid- 
ized overnight at 45°C. Membranes were washed twice in 2X 
standard saline citrate and 1% sodium dodecyl sulfate for 20 
minutes and analyzed using a phosphorimager (Molecular Dy- 
namics Inc., Sunnyvale, CA). The CYP2E1 oligonucleotide 
probe was removed from the membranes with 0.4 mol/L 
NaOH for 30 minutes at 45°C before reprobing with [a- 
*"P]dCTP end-labeled oligo d(T)i, to control for even loading 
of mRNA. 

Statistical Analysis 

Data are expressed as means ± SD. Data for MCD-fed 
rats and pair-fed controls were compared using the unpaired 
Student's / test (two-tailed) with the exception of animal body 
weights, which were compared at various time points using 
analysis of variance followed by post hoc analysis with the 
Bonferroni test. A P value of <0.05 was regarded as a signifi- 
cant difference between groups. 

Results 

Effect of MCD Diet on Liver Histology and 
Animal Growth 

The MCD diet-fed animals lost weight compared 
with their isocaloric pair-fed controls and rats fed ad 
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Figure 1. Body weight of rats during consumption of MCD diet (□), 
rats isocalorically fed a control diet (O), and controls fed ad libitum 
(O). Data are expressed as mean ± SD for 6 rats in each group. 
Some error bars showing standard deviations have been omitted for 

libitum; the weight loss was significant from day 7 (P 
< 0.01; Figure 1). Otherwise, the general condition of 
MCD diet-fed rats remained good throughout the exper- 
imental period. Liver sections from rats on the ad libitum 
control diet and from the isocaloric pair-fed controls had 
a normal morphological appearance (Figure 2A ). In rats 
fed the MCD diet for 4 weeks, all livers had fatty infiltra- 
tion, although this varied in severity and distribution. 
Macrovesicular steatosis was most prominent in acinar 
zone 3 (Figure 26) and spread out in a panacinar distri- 
bution (but with periportal sparing) in the more severely 
affected livers. Similar findings were noted in the rats 
fed MCD diet for 13 weeks, but steatosis was more exten- 
sive and diffuse. In addition, there were numerous scat- 
tered foci of inflammation (Figure 2C), occasional hepa- 
tocyte necrosis, and some increase in perivenular fibrosis 
(Figure 2C). 

Effect of MCD Diet on Serum Biochemical 
Parameters 

Serum alanine aminotransferase level was signifi- 
cantly higher (P < 0.001) in the MCD diet-fed rats 
than in pair-fed controls, whereas serum cholesterol and 
triglyceride levels were decreased in the MCD diet-fed 
animals (Table 1). Serum testosterone level was signifi- 
cantly reduced in the MCD diet-fed group compared 
with the pair-fed rats (1.16 ± 0.17 vs. 3.75 ± 1.92 
nmol/L; P < 0.02). 
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Immunohistochemistry for CYP2E1 

In view of the increase in CYP2E1 protein and 
catalytic activity, the hepatic distribution of CYP2E1 
was characterized using immunohistochemistry. In liver 



seccions from all pair-fed control rat livers, CYP2E1 im- 
munostaining was localized exclusively in acinar zone 3 
and confined to a layer of three to four cells around the 
terminal hepatic venule (Figure 5A). In the livers of 
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Figure 2. H&E-stained liver sections from rats fed the MCD diet and 
isocalorically pair-fed controls. (A) Isocaloric pair-fed control rat {origi- 
nal magnification lOOx). The histological appearances are normal. 
(6) A rat fed the MCD diet for 4 weeks (original magnification lOOx). 
Fatty change is most prominent in zone 3. (C) A rat fed the MCD diet 
for 13 weeks (original magnification 250x). In addition to extensive 
fatty infiltration, fibrosis around the terminal hepatic venule (arrow a), 
hepatocytic necrosis, and a prominent inflammatory infiltrate {arrow 
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Figure 3. Immunostaining for CYP2E1 in liver sections from rats after 
4-week intake of the MCD diet and pair-fed controls. (A) Pair-fed con- 
trol rat (original magnification lOOx). CYP2E1 immunostaining is con- 
fined to the hepatocytes that surround the terminal hepatic venule. 
(B and C) MCD diet-fed rat (original magnification lOOx). Immuno- 
staining for CYP 2E1 shows a more diffuse pattern of staining through- 
out zone 3 and extending into zone 2. The immunostaining for CYP2E1 
i the distribution of steatosis. 
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Table 1. Serum Biochemical Indices in Rats Fed an MCD Diet and in Their Isocalorically Pair-Fed Controls After 4 Weeks 

Cholesterol Triglyceride Testosterc 

Experimental group n ALT (U/L) (mmol/L) [mmol/L) (nmol/L 



NOTE. The results are expressed as mean i SD. 
ALT, alanine aminotransferase. 

"P < 0.001, "P < 0.02; significant difference from control. 
C P = 0.058, not significant. 



MCD diet-fed rats, the pattern of 2E1 immunostaining 
closely followed the distribution of steatosis; it extended 
more diffusely through zone 3 than in pair-fed controls, 
extending to zone 2 in some cases (Figure 3B and 3C). 
This finding was found consistently in liver sections from 
all 6 MCD diet-fed animals. 

Effect of MCD Diet on Hepatic Microsomal 
Total P450 Content, P450 Reductase, and 
Activities of CYPs 2C11, 3A2, 2A1, and 
2E1 

Total microsomal cytochrome P450 content in 
the livers of rats fed the MCD diet decreased to 70% of 
that of the pair-fed controls at the end of 4 weeks (P < 
0.05; Table 2). P450 reductase activity was increased at 
the end of 4 weeks in the MCD diet-fed animals com- 
pared with the pair-fed controls (P < 0.002; Table 2). 

To determine the nature of the decrease in total cyto- 
chrome P450, changes in individual CYP enzymes were 
assessed using a profile of microsomal catalytic activities 
(Table 2). Pathways of testosterone hydroxylation medi- 
ated by CYP2C11 (at the 2a and 16a positions), 
CYP3A2 (at the 6|3 position), and CYP2A1 (at the 7a 
position) were decreased in the MCD diet group com- 
pared wich pair-fed controls (P < 0.001). This was most 
pronounced for CYP2C11, with catalytic activity re- 
duced to 20% of control at week 4, whereas catalytic 
activity for CYP3A2 and CYP2A1 was reduced to 56% 



and to 63%, respectively, at week 4. In contrast, the 
catalytic activity of CYP2E1 in hepatic microsomes, 
measured as NDMA, increased twofold in MCD diet- 
fed rats compared with the respective pair-fed controls 
(Figure 4). 

Effect of MCD Diet on Hepatic Microsomal 
CYP2E1 Protein Content 

An increase in staining intensity was observed 
when microsomal proteins from MCD diet-fed animals 
were probed with anti-CYP2El antibody (Figure 5). 
Densitometric scanning of these immunoblots showed a 
threefold increase in CYP2E1 protein content in the 
MCD diet group fed for 4 weeks compared with pair- 
fed controls (P < 0.001; Figure 4). 

Analysis of CYP2E1 mRNA 

Slot blot analysis of hepatic RNA samples showed 
a 2.5-fold increase in hepatic CYP2E1 mRNA concentra- 
tions in the livers of MCD diet-fed rats compared with 
their pair-fed controls (4440 ± 1630 vs. 1440 ± 420 
arbitrary densitometry units; P < 0.001) at the end of 
4 weeks of feeding (Figures 4 and 6). This increase in 
CYP2E1 mRNA paralleled the increase in CYP2E1 pro- 
tein and catalytic activity. 

Discussion 

The important finding of this study is that, in a 
nutritional model of steatohepatitis, the hepatic micro- 



Table 2. Microsomal P450 Content and P450 Reductase and Testosterone Hydroxylation Activities in Hepatic Microsomes 
From MCD Diet-Fed and Isocaloric Pair-Fed Control Rats After 4 Weeks 



Testosterone hydroxylation pathway 
Microsomal {product- mirr 1 ■ mg microsomal protein' 1 ) 

Experimental P450 P450 reductase 

group n (nmol/mg) (nmo/-mg _J -m/ri- 1 ) 16a 2a 7a 60 

MCD 6 0.62 ± 0.04" 365 ± 46" 0.39 ± 0.10* 0.20 ± 0.15" 0.20 ± 0.02* 1.13 ± 0.26* 

Isocaloric control 6 0.89 ± 0.17 220 ± 45 2.02 ± 0.34 1.65 ± 0.19 0.31 ± 0.01 2.04 ± 0.14 



NOTE. The results are expressed as mean ± SD. 

"P < 0.001, °P < 0.05, °P < 0.002; significant difference from control. 

"P = 0.06, not significant. 
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Figure 4. (A) CYP2E1 protein, (6) NOMA activity, and (C) CYP2E1 mRNA in MCD diet-fed rats (H) and isocaloric pair-fed control rats (■) after 
4 weeks of dietary intake. *P < 0.001 and **P < 0.0001, MCD diet -fed rats compared with pair-fed controls. Results are expressed as 
mean ± SD. 



somal content of CYP2E1 was significantly increased. 
The increased hepatic CYP2E1 content was cacalytically 
active, as shown by the enhancement of microsomal 
NDMA metabolism. Furthermore, the finding of in- 
creased hepatic content of CYP2El-specific mRNA indi- 
cated that pretranslational mechanisms were largely oper- 
ative for the increased CYP2E1 expression. The 
substantial decrease in total P450 content and the de- 
creased catalytic activities of other CYP proteins that are 
normally expressed at high levels in male rat liver further 
emphasize the significance of the enhanced CYP2E1 up- 
regulation in this model. 

The MCD diet consistently induced not only hepatic 
steatosis but also an associated inflammatory infiltrate. 
It therefore seems to be a simple and reproducible animal 
model of fatty liver disease with inflammation and cellu- 
lar injury that morphologically resembles the group of 
human disorders known as NASH. In rats, starvation has 
been reported to cause hepatic steatosis. 2 The possibility 
thac caloric deprivation was the cause of liver disease in 
MCD diet-fed animals was considered unlikely in the 
present study because normal liver histology was found 
in isocalorically pair-fed controls, although these pair- 
fed controls grew more slowly than the rats fed ad libi- 
tum. The fact that the MCD diet-fed rats actually lost 
weight indicates the operation of mechanisms other than 
caloric deprivation. One likely explanation is that the 
hepatic inflammation induced by this diet caused a cata- 
bolic state mediated by cytokines, such as tumor necrosis 
factor a?* The weight loss documented in the MCD 
diet— fed animals has also been observed by other investi- 
gators. 36 In addition, the observed elevation of serum 
alanine aminotransferase concentration is consistent with 



the hepatic necroinflammatory process observed histolog- 
ically in the MCD diet-fed rats. The low serum lipid 
values found in the MCD diet-fed rats exclude hyperlip- 
idemia, particularly hypertriglyceridemia, as a possible 
cause of steatohepatitis in this model; however, NASH 
has also been observed in humans with normal serum 
lipid values. 3 

As documented in alcoholic steatohepatitis, 1 the early 
stages of liver disease in the MCD diet-fed rats were 
associated with steatosis mostly in acinar zone 3, with 
later extension into zones 2. Hepatocytes adjacent to the 
periportal region were consistently spared. CYP2E1 is 
normally localized within a rim of hepatocytes three to 
four cells wide around the terminal hepatic venule in 
acinar zone 3. 11>IS - 31 T n ratSj induction of CYP2E1 by 
prolonged alcohol consumption occurs in the same local- 
ity, with a larger number of cells in acinar zone 3 express- 




Figure 5. Immunoblot for CYP2E1 in hepatic microsomal proteins 
from MCD diet-fed and pair-fed control rats after (A) 4 weeks and 
(S) 13 weeks of dietary intake. At both time points, intensity of immu- 
nostalning in microsomes from MCD diet-fed rats is greater than 
that of pair-fed controls (*P < 0.001). 
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Figure 6. Slot blot analysis of CYP2E1 mRNA in pair-fed controls (C) 
and MCD diet-fed rats (MCD) after 4 weeks of dietary intake. There 
is a greater intensity of CYP2E1 mRNA expression in the MCD diet- 
fed rats than in their ad libitum-fed controls (4440 ± 1630 and 
1440 * 420 arbitrary units; *P < 0.001). 



ing CYP2E1. 11,31 Moreover, a characteristic histological 
feature of alcoholic livet injury is the predominance of 
lesions in acinar zone 3, 11 - 13,31 - 37 Thus, the induction of 
CYP2E1 in MCD diet-fed rats is strikingly similar to 
that found in alcoholic steatohepatitis and also follows 
the distribution of steatosis. 

The increased CYP2E1 mRNA levels observed in 
MCD diet-fed tats indicate that induction of CYP2E1 
appeats, at least in part, to be at the pretranslational 
level. This finding is different from a study on alcoholic 
liver disease in which the mechanism of CYP2E1 induc- 
tion was largely posttranslational through protein stabili- 
zation/ 8 It is, however, similar to that documented in 
rats fed a high-fat diet, 3V in fasting rats," 1 " and in diabetic 
animals."*' In each of these situations, the increases in 
CYP2EI mRNA levels mirror the increased. CYP2E1 
procein and catalytic activity. Recent studies indicate 
that tinder certain conditions, pretranslational induction 
of CYP2EX by ethanoi can also occur.' 12,43 The association 
of hepatic CYP2E1 induction with obesity, diabetes, and 
fasting in rats is of potential relevance to human disease 
because these factots have been associated with NASH 

Induction of CYP2E1 probably plays a centtal tole in 
the production of cellular injury in alcoholic hepati- 
rjs ii. i2.44.45 QYP2E1 -catalyzed ethanoi oxidation results 
in the formation of free radicals capable of peroxidizing 
cell membranes. 13 It has therefore been suggested that 
the elevated CYP2E1 levels found in zone 3 hepatocytes 
after long-term alcohol intake lead to increased produc- 
tion of ethanol-derived toxic metabolites. 44 '"" In turn, 
this would be expected to enhance the susceptibility of 
hepatocytes in this location to alcohol-mediated dam- 
age. 1 '' Because the increased CYP2E1 protein level associ- 
ated with intake of the MCD diets was catalyticaliy ac- 
tive, it is likely that similar CYP2E1 -mediated processes 



could generate reactive oxygen species and other radicals 
in this nutritional model of steatohepatitis. 

The increase in CYP2E1 activity observed after intake 
of the MCD diet was all the more remarkable because 
of the decrease in total P450 content. Our findings differ 
from those of a rat model of long-term alcohol ingestion 
in which total P450 content was increased, 46 but they 
are consistent with the clinical finding that patients with 
NASH have a decrease in oxidative drug metabolism that 
is disproportionate to other indices of hepatic function. 5 
In the MCD diet model, the reduccion in total cyto- 
chrome P450 content detected in the livers of MCD 
diet-fed animals was mainly caused by the observed 
decrease in CYPs 2C11 and 3A2, which together consti- 
tute more than 50% of total hepatic cytochrome P450 
content of the adult male rat. 46 Testosterone is required 
for the expression of CYPs 2C11 and 3A2. 47 Thus, the 
decline in catalytic activities of these hepatic proteins is 
probably partly caused by the reduction in serum testos- 
terone levels detected in the MCD diet-fed animals. 
The elevated CYP2E1 activity and protein levels in the 
presence of reduced activities of these CYPs suggest that 
CYP2E1 assumes a more significant proportion of the 
total P450 content in the liver of MCD diet-fed rats. 

In conclusion, rats fed an MCD diet developed fatty 
liver disease with hepatic inflammation, a form of liver 
disease that is morphologically identical to NASH in 
humans. In this model of steatohepatitis, CYP2E1 pro- 
tein levels and activity were elevated, thereby resembling 
alcoholic steatohepatitis 11,31 in the same way as the cen- 
trilobular distribution of steatosis and CYP2E1 expres- 
sion. 11,37 The similar changes in CYP2E1 in this nutri- 
tional model of hepatic steatosis with inflammation and 
alcoholic steatohepatitis imply that these two disorders 
share pathogenetic mechanisms. The relevance of this 
finding to human NASH remains uncertain and requires 
further investigation of human liver specimens. 
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